Betulin (BET) and betulinic acid (BA) are naturally occurring pentacyclic lupane triterpenes, exhibit great promise as bioactive agents for the treatment of many diseases. The poor solubilities of BET and BA in water have limited their applications. In the present work, BET and BA were selected as guest molecules, three hydrophilic γ-cyclodextrin (CD) thioethers were synthesized and selected as host molecules. β-, Hydroxypropyl-β-CD, (HP-β-CD), γ-CD and HP-γ-CD were also investigated as hosts in order to compare the solubilization abilities of these host molecules. The solubilities of BET and BA were estimated from 1 H NMR measurements by comparing the relative integral areas of the proton signals between CDs and guests. γ-CD thioethers 5-7 solubilized BET and BA to much higher extends than other host molecules. The obtained maximal solubilities of BET and BA were 5.2 and 4.5 mM, respectively. The topographies of the inclusion compounds were determined by ROESY NMR spectroscopy.
Betulin (BET) and betulinic acid (BA) are naturally occurring pentacyclic lupane triterpene, and exist in large amounts in the outer bark of the white birch (see Figure 1 ) [1] . BA and many of its derivatives have known antiviral, anti-microbial and hepatoprotective pharmacological activities as well as recently discovered potential as bioactive agents for the treatment of HIV infection and human melanoma [2, 3] . The abundant availability of BA and BET from natural resources gives rise to research interest in their applications. However, a major inconvenience for the future clinical applications of BET and BA is the poor solubility in water (BET, 0.08 μg/mL; BA, 0.02 μg/mL), which make the bioavailability questionable [4] . Cyclodextrins (CDs) are a series of cyclic oligosaccharides, built up from six, seven, or eight glucose units (α-, β-, or γ-CD, respectively), forming hollow truncated cones [5, 6] . Comprising a hydrophilic outer surface and a relatively hydrophobic cavity, CDs are able to form water-soluble inclusion complexes with a wide variety types of drugs [7] . Besides, CDs are also known to be able to improve the bioavailability, chemical stability of various drug molecules [8] [9] [10] .
Modifications on the free hydroxyl groups of native CDs with appropriate function groups may not only significantly increase the water solubility of CDs, but also greatly increase the ability of CDs to form inclusion complexes. Recently, we reported a new class of highly water-soluble per-6-deoxy-thioethers of γ-CD, which showed high solubilization ability for several aromatic molecules in aqueous solution. Bom et al also reported on the steroid rocuronium a natural neuromuscular blocking agent, which was completely encapsulated into the cavity of the -CD thioether 6 with exceptional high binding affinity (K > 10 7 ) [7] . The extension of the hydrophobic cavity and additional Coulomb interactions were made responsible for the observed high binding potentials of this host.
In order to get a better water solubility of BET and BA, three γ-CD thioethers (5-7, see Figure 2 ) were synthesized and selected as host molecules in the present work. β-CD, hydroxypropyl-β-CD (HP-β-CD), γ-CD, and HP-γ-CD also severed as host molecules in order to make a direct comparison of the solubilization abilities.
Excess amounts of BET or BA were added to glass vials containing CD solutions with fixed concentration 6 mM. D 2 O was used as the medium. The vials were sealed, protected from light, and magnetically stirred at room temperature for 7 d. An aliquot was filtered through syringe filters and examined by NMR spectroscopy. [12] from the published solubility of BA [11] and the occupancy of the host 6 assuming a 1:1 stoichiometry, K = 6 10 7 M -1 , was unprecedentedly high for a monomeric CD derivative.
ROESY NMR measurements from the inclusion compounds supported the proposed 1:1 stoichiometry and provided some insight into the position and orientation of BA within the CD cavity. Cross-peaks correlating H-3,5 of CD 6 to H-18 of BA, and H-7,8 of CD 6 to H-3 of BA were clearly observed. Accordingly, the plausible structure of the inclusion complex of CD 6 with BA was derived and shown in Figure 4 . The orientation of BA within the host appears to be controlled by repulsive Coulomb interactions between the sulfonate groups of host 6 and the carboxylate group of BA in accordance with previous findings for other charged guests [10] .
For comparison, the solubility enhancements for BET and BA caused by native β-and γ-CD 1 and 3, listed in Table 1 , were found to be quite small. The commonly used solubilizers hydroxypropyl-β-CD 2 and hydroxypropyl-γ-CD 4 showed slightly larger solubilization potential to BET and BA than the corresponding native CDs, but did not reach the potential of the per-6-deoxythioethers of γ-CD. It was worth noting that significant increases in solubilities of the drugs were found in the solution of γ-CD derivatives 5-7, which possess neutral or ionic side arms on the 6-position of γ-CD skeleton. The result clearly demonstrated the existence of strong intermolecular interactions between CD derivatives 5-7 and guests in water. Among all host molecules selected in the present work, CD 6 showed highest solubilization ability to both BET and BA molecules. The obtained maximal solubilities of BET and BA were 5.2 and 4.5 mM, respectively.
Based on the data obtained, it could be concluded that the new hosts, i.e., the octasubstituted γ-CD thioethers, are able to solubilize BET and BA to much higher extend than native CDs or the widely used hydroxypropyl-β-and γ-CD. The significantly increased solubilities of BET and BA in water lead to a better bioavailability of the guest molecules. Evaluation of the pharmaceutical applications of the inclusion systems of BET and BA with γ-CD thioethers is in process.
Experimental
General: Unless otherwise stated, all chemicals were used as received. HP-β-CD and HP-γ-CD were purchased from Wacker. The average degree of substitution of HP-β-CD and HP-γ-CD were 0.9 and 0.6, respectively. β-and γ-CD were dried in vacuo at 100°C overnight. Corresponding thiols for the synthesis of γ-CD derivatives 5-7 as well as BET and BA were purchased from Sigma Aldrich. γ-CD derivatives were purified by nanofiltration (molecular weight cut-off 1000 Da). Teflon syringe filters from Roth, Karlsruhe, Germany (0.22 μm) were used to remove insoluble material before NMR measurements. All NMR spectra were recorded on a Bruker 400 MHz NMR Spectrometer at 298 K Solubilization of betulin and betulinic acid Natural Product Communications Vol. 7 (3) 2012 291 using the solvent peaks as internal references. ROESY experiments were performed by using the Bruker standard routine "roesyph". The data consisted of NS = 8 scans collected over 2048 complex points with a spectral width (SW) of 4000 Hz. A mixing time (P15) of 200 ms, a repetition delay (D1) of 2 s, an acquisition time of 0.256 s, and a 90° pulse width (P1) of 10.50 s at PL1 = -3.2 dB power attenuation were used.
General procedure for the synthesis of octasubstituted γ-CD thioethers: A method identical to the previously published procedure was utilized [12] . Triethylamine (3.98 mL, 28.57 mmol) and the corresponding thiol compound (28.57 mmol) were added with stirring to a solution of octakis-[6-deoxy-iodo]-γ-CD (3.11 g, 1.43 mmol) in DMF (15 mL) or in DMSO (15 mL). After stirring for 3 d at 60°C under N 2 atmosphere, the reaction mixture was diluted with sufficient amount of appropriate organic solvents. The resulting precipitate was filtered off, washed, dried in vacuo and then purified by ultrafiltration.
